In order to enhance the dispersion ability of hydrophobic nanoparticles in water while maintaining their unique properties, we utilized poly(ethylene glycol) grafted hyperbranched poly(amido amine) (h-PAMAM-g-PEG) to modify three types of hydrophobic nanoparticle, CdSe, Au, and Fe 3 O 4 , and transferred them into water to extend their applications in biology. Considering the large amounts of amino groups in hyperbranched poly(amido amine) (h-PAMAM) polymer, complexation interaction between h-PAMAM-g-PEG copolymer and nanoparticles was achieved and ligand exchange between the copolymers and original small molecules ligands occurred. The transferred nanoparticles could be easily dispersed in water with better stability, and their unique properties, such as fluorescence, surface plasmon resonance, and superparamagnetism, were well maintained in the ligand exchange process. In addition, increasing the number of grafted PEG showed a negative effect on the ligand exchange process. Due to the existence of h-PAMAM-g-PEG ligands, the stabilized nanoparticles have improved stability in aqueous and ionic solutions. In the case of CdSe nanoparticles, the h-PAMAM-g-PEG layer leads to a lower cytotoxicity when compared with bare CdSe particles, and they could be directly used in bioimaging.
Introduction
During the last decade, there have been extensive interests focused on inorganic nanoparticles, originating from semiconductors or metals [1, 2] . Due to their interesting properties, research has moved from fundamental research to primary applications in materials science and life sciences in the last few years [3] [4] [5] . As inorganic materials such as semiconductors, gold, and superparamagnetic nanoparticles possess versatile functions, they have shown large potential in biological, diagnostic and medical applications. In general, 5 Author to whom any correspondence should be addressed. inorganic nanoparticles can be synthesized through aqueous or non-aqueous routes [6, 7] . The non-aqueous route has been widely shown to be superior to the aqueous route in producing colloidal nanostructures with narrower size distribution, fewer crystalline defects, and more tunable shapes. However, this approach typically produces nanoparticles with hydrophobic surfaces. The insolubility in water of the nanoparticles greatly limits their applications in biological and medical fields. Thus, phase transfer of these hydrophobic nanoparticles into water has been studied to extend their applications [8, 9] .
In the last few years, most of the developed methods for phase transferring hydrophobic nanoparticles into water could be divided into two strategies [10, 11] . One popular method was based on the hydrophobic-hydrophobic interaction between the ligands and an amphiphilic polymer or lipids [12] . Although this method showed the advantage of being general to a large number of nanoparticles, a complicated subsequent surface modification, such as cross-linking, was necessary due to the dynamic nature of the outer layer coating [13] . The other method was based on ligand exchange, where the original hydrophobic ligands on the nanoparticle were replaced by hydrophilic molecules. Both small molecules and polymers have been used as the new ligands [14, 15] . However, the conventional ligand molecules had restricted limitations on their structures and functional groups, which made them costly and difficult to synthesize. Besides, due to the various compositions of different nanoparticles, the preparation of a general ligand that can transfer many types of nanoparticle into water remained a challenge. Recently, polymers with amino groups such as dendrimer poly(amido amine) (PAMAM) and polyethylenimine (PEI) have become attractive as potential polymer ligands to transfer hydrophobic nanoparticles into water [16] [17] [18] .
The study of dendrimers arose in the 1980s, and their synthesis has been widely investigated [19] . Besides, extensive research on the application of different dendrimers has been reported, especially in the fields of nanotechnology, biology, and medical science [20] [21] [22] . However, their costly and tedious synthetic routes prohibit them from further application. In contrast, hyperbranched polymers can be easily accessible, while possessing properties similar to dendrimers [23, 24] . Thus, hyperbranched polymers are regarded as attractive substitutes for dendrimers in many fields.
PEGylation of the dendrimer PAMAM has been achieved through different routes, and the copolymer has been used as nano-containers, stabilizers, and carriers [25] [26] [27] . Herein, we synthesized a graft copolymer, poly(ethylene glycol) grafted hyperbranched poly(amido amine) (h-PAMAM-g-PEG), and successfully used it as a macromolecular ligand. PEG is known as a kind of remarkable biocompatible material, which is non-immunogenic, non-antigenic, and protein resistant [28] . Moreover, polycationic polymers with amino groups could improve the transfer of genetic materials into cells, while showing decreased cytotoxicity and enhanced biocompatibility [29] [30] [31] . In our research, h-PAMAM-g-PEG copolymer was employed to replace the former ligands of the hydrophobic nanoparticles via a ligand exchange process, which was systematically investigated as well. Due to the utilization of h-PAMAM-g-PEG, we finally obtained transferred water-stable nanoparticles with low cytotoxicity and the ability to penetrate into cells.
Experimental details

Synthesis of h-PAMAM-g-PEG
The synthesis of h-PAMAM-g-PEG copolymer was divided into two sections (see scheme 1). First, poly(ethylene glycol) succinimide carbonate (PEG-SC) was prepared by the reaction between PEG-monomethyl ether (PEG-OH) (20 g, 0.01 mol) with a molecular weight of 2000 and N, N -disuccinimide carbonate (DSC) (15.12 g, 0.06 mol) under the catalysis of triethylamine (TEA) (6.06 g, 0.06 mol) in anhydrous CH 3 CN (100 ml) [32] . h-PAMAM was synthesized according the literature [33] .
The second step chemical reaction, in which poly(ethylene glycol) succinimide carbonate (PEG-SC) reacted with h-PAMAM, was according to the mechanism shown in scheme 2. This reaction, involving the succinimide group and the amino group (primary and secondary), is commonly used to functionalize the amino groups in peptides due to its high yield and mild conditions [34] . The reaction of h-PAMAM (1.3 g, 0.1 mmol) with PEG-SC (0.6 g, 0.3 mmol) (taking the preparation of P1 as an example) was achieved in anhydrous N, N -dimethylformamide (DMF) (25 ml) at 30
• C for 24 h. The desired product h-PAMAM-g-PEG was purified via precipitation in ethyl ether followed by dialysis in water.
The synthesis of CdSe, Au, and Fe 3 O 4 nanoparticles via non-aqueous routes
The hydrophobic CdSe, Au, and Fe 3 O 4 nanoparticles were synthesized according to the reported methods [35] [36] [37] . Their original ligands were n-trioctyl phosphine oxide (TOPO), ndodecanethiol (DDT), and oleic acid, respectively. The asprepared nanoparticles were precipitated in methanol three times and then dispersed in chloroform before further utilization.
Phase transfer of hydrophobic CdSe, Au, and Fe 3 O 4 nanoparticles via ligand exchange
The process of phase transfer was as follows. 50 mg h-PAMAM-g-PEG copolymer (P1 for example) was dissolved in 10 ml chloroform and then the hydrophobic nanoparticle chloroform dispersion (containing 25 mg of nanoparticles) with a concentration of 10-20 mg ml −1 was added. After the mixture was stirred at 35
• C for 24 h, the chloroform was removed by rotary evaporation. Water was then added to re-disperse the transferred nanoparticles.
The water dispersion was washed with cyclohexane to remove the former hydrophobic ligands. The excess copolymer was removed by dialysis in water or magnetic separation. 
Cytotoxicity evaluation by MTT assays
The cytotoxicity of the transferred CdSe nanoparticle, or P1, was evaluated by standard MTT assay [38] . The Ad293 cell line was used in the MTT assay. The Ad293 cell line is derived directly from the human embryonic cell 293 (HEK293) cell line but has been transfected with a gene that can improve cell adherence. Briefly, 3000 cells, in a volume of 100 µl, were plated in 96-well plates, and then cultured with an aqueous dispersion of the as-prepared transferred CdSe nanoparticles (at varied concentrations) for 24 h. The cells were washed with sterile phosphate-buffered saline (PBS) and a solution of 1 mg ml −1 MTT. After an incubation period of 4 h with MTT, ultraviolet-visible (UV-vis) absorption was measured at 490 nm with 670 nm as the reference wavelength. A blank sample without dye was also tested, and it indicated that the CdSe nanoparticles gave a very weak signal; therefore their impact on the absorbance was not considered in the MTT assay. The number of viable cells was determined by colorimetric assays. The cytotoxicity of pure h-PAMAM-g-PEG copolymer was also obtained to compare with that of the transferred CdSe nanoparticles. The control sample in the cytotoxicity study was the same cell without the addition of the transferred CdSe nanoparticles.
Uptake of the transferred CdSe nanoparticles into Ad293 and QGY cells
The cell lines we used in the cell uptake study were Ad293 and QGY. The Ad293 cell line, which was used in the cytotoxicity study, was also employed in the cell uptake study. Besides, a human hepatocellular carcinoma cell line (QGY) was employed since the Ad293 cells were normal cells. The uptake of the transferred CdSe nanoparticles into living cells was carried out as follows. The cells, procured from the cell bank of Shanghai Science Academy, were seeded onto a glass cover slip placed in a culture dish containing DMEM-H medium with 10% calf serum, 100 units ml −1 penicillin, 100 µg ml −1 streptomycin, and 100 µg ml −1 neomycin. The cells were then cultured in a fully humidified incubator at 37
• C with 5% CO 2 . When the cells adhered to the cover slip and reached 80% confluence with normal morphology, the transferred CdSe nanoparticle aqueous dispersion was added into the culture dish to achieve a CdSe nanoparticle concentration of 100 µg ml −1 . These cells were then incubated for 4 h in an incubator. After incubation, the cover slip with the adhered living cells was washed with PBS three times to remove the unbound CdSe nanoparticles, and then sealed on a glass slide for microscopic measurement. With such a CdSe nanoparticle concentration in solution, no detectable damage to cells was observed.
Analysis and instruments
The average molecular weight (Mw) and the polydispersity index (PDI) of these polymers were determined by size exclusion chromatography (SEC) in N,N -dimethylformamide (DMF) on an apparatus equipped with a Waters refractive index detector, a Waters column pack, and a Minidawn Wyatt light scattering (LS) detector. The stability in salt solution was evaluated by monitoring the absorbance of the dispersion. The lower the absorbance was, the more aggregation that occurred. In the experiment, we chose the transferred CdSe nanoparticles rather than Au or Fe 3 O 4 nanoparticles to avoid precipitation caused by gravity. Absorbance at 600 nm was measured. UV-vis adsorption spectra were measured at room temperature with a Perkin-Elmer Lambda 35 UV-vis spectrophotometer. Fluorescence spectra were obtained at room temperature using an FLS920 spectrofluorimeter; an excitation wavelength of 500 nm was used. High-resolution transmission electron microscopy (HRTEM) was performed on a JEOL JEM-2010 microscope operating at 200 kV. TEM samples were prepared by dropping sample stock solutions onto a 400-mesh carboncoated copper grid with the excessive solvent immediately evaporated. Fourier transform infrared (FT-IR) analysis was conducted on a Nicolet Nexus-440 FT-IR spectroscope. The thermogravimetric analysis (TGA) results were obtained on a Perkin-Elmer Pyris-1. The uptake of transferred CdSe nanoparticles into Ad293 cells was detected with a laser scanning confocal microscope (Olympus, FV-300, IX71) using a 488 nm semiconductor laser (Coherent) as the excitation source. The laser beam was focused by a 60× objective to a spot of about 1 µm in diameter. The excitation power density used was about 250 W cm −2 .
Results and discussion
Synthesis of h-PAMAM-g-PEG
The synthesis of h-PAMAM-g-PEG copolymer was divided into two parts (see scheme 1). First, poly(ethylene glycol) succinimide carbonate (PEG-SC) was prepared by the reaction between PEG-monomethyl ether (PEG-OH) with a molecular weight of 2000 and N,N -disuccinimide carbonate (DSC) under the catalysis of triethylamine (TEA) in anhydrous CH 3 CN. The yield of the reaction between PEG and DSC was calculated according to the 1 H NMR result (figure 1). Here, the area of peak b and that of peak a were used to perform 
Figure 2. FT-IR spectra of DSC, PEG-OH, PEG-SC, h-PAMAM, and h-PAMAM-g-PEG.
the calculation. The yield of the reaction to prepare PEG-SC was above 95%. FT-IR (figure 2) characterization was also employed to investigate the reaction between PEG and DSC. DSC showed two bands at 1842 and 1740 cm −1 , corresponding to the asymmetric and symmetric vibration of the two coupled carboxyl groups in the succinimide group. When PEG-SC was obtained, two additional bands at 1800 and 1740 cm −1 appeared compared with PEG-OH, which were attributed to the existence of the succinimide group in PEG-SC. Therefore, we used 1 H NMR and FT-IR to evaluate the synthesis of PEG-SC.
The second synthetic step is the chemical reaction in which poly(ethylene glycol) succinimide carbonate (PEG-SC) reacted with h-PAMAM. The structure of prepared h-PAMAM-g-PEG was difficult to confirm due to the structure of the h-PAMAM. The calibrations of degree of branching (DB) and the number of amino groups were attempted from 1 H NMR and 13 C NMR, but they failed because of the symmetry and extremely complicated structure of h-PAMAM. The peaks of linear, branching, and terminal groups were heavily overlapped and could not be easily distinguished. Such difficulties in determining the DB of hyperbranched polymers were also met by other research groups [39] . In order to estimate the amino groups in the h-PAMAM as well as in the h-PAMAM-g-PEG polymers (scheme 3), we employed an acid-base titration method. Hydrochloride solution (HCl) was used in the titration. Using different ratios between h-PAMAM and PEG-SC, h-PAMAM-g-PEG copolymers with different numbers of grafted PEG chains could be obtained (table 1) . 
Phase transfer of hydrophobic nanoparticles via ligand exchange
In this research, h-PAMAM-g-PEG copolymers with different numbers of grafted PEG chains were synthesized and utilized as the new ligand to transfer three kinds of hydrophobic nanoparticle, CdSe semiconductor quantum dots (QDs), gold (Au), and ferro ferric oxide (Fe 3 O 4 ) nanoparticles into aqueous media. The transfer route is illustrated in scheme 4. First, h-PAMAM-g-PEG replaced the original ligands and became the new ligand due to the complexation interaction between amino groups and the surface of nanoparticles [9] . Second, the h-PAMAM-g-PEG capped nanoparticles transferred into aqueous medium after water was added into the system and chloroform was removed, which could be explained by the solubility of h-PAMAM-g-PEG in water. In the experiments, chloroform was used as the medium to achieve successful exchange between those former hydrophobic ligands and h-PAMAM-g-PEG copolymer, since the details and procedures of the transfer experiment were very crucial to the final products' performance and transfer efficiency [14] . Figure 3 shows the images of the original and transferred nanoparticles dispersed in two media. The upper medium was cyclohexane and the lower one was water. Those original CdSe, Au, and Fe 3 O 4 nanoparticles were easily dispersed in non-polar solvents such as cyclohexane and chloroform. By exchanging the original ligands with h-PAMAM-g-PEG copolymers, the transferred nanoparticles showed good stability in water, even after being washed by cyclohexane several times. In order to meet the requirement of biological environments, where the nanoparticle should remain stable even at high concentrations of salt, the stability of the transferred nanoparticles in salt solutions was investigated. As shown in figure 4 , the transferred CdSe remained stable at a salt concentration up to 0.12 mol l −1 for at least one week due to the entropy-driven steric hindrance of PEG chains in the copolymer. Such stability in high salt concentration solution was superior to that of nanoparticles stabilized through electrostatic repulsion, which would be largely affected by the screening of charge repulsion in the ionic solution [40] . Besides, the stability of these nanoparticles over a wide range of concentrations, especially at high concentrations, was investigated. The transferred nanoparticles remained stable for weeks even at a concentration of 0.1 g ml −1 . Fourier transform infrared (FT-IR) spectroscopy was used to characterize the functional groups on the surface of nanoparticles, and to prove the ligand exchange during the phase transfer process. In figure 5 , the strong band at 1645 and 1550 cm −1 was assigned to the stretching vibration of amide group in h-PAMAM-g-PEG [41] . Hence, the bands at 1645 and 1550 cm −1 in the transferred nanoparticles were attributed to the ligand exchange between small molecules and h-PAMAM-g-PEG. Similarly, the stretching mode of the ether group at 1110 cm −1 , which belonged to the PEG segments, was also observed in the transferred nanoparticles [42] . Additionally, a broad band relating to the stretching mode of N-H (which belongs to the h-PAMAM segments) appeared at 3500 cm −1 after the ligand exchange [24] . Before phase transfer, the original CdSe nanoparticles exhibited one similar peak at 1650 cm −1 , although no amide groups existed when considering that the ligands of original nanoparticles were TOPO (for CdSe), DDT (for Au), and oleic acid (for Fe 3 O 4 ) [43] . However, the FT-IR analysis was not sensitive enough to prove that there was no original ligand left in the transferred nanoparticles, thus it is possible that P1 would interact with the original surfactant as opposed to replacing it completely. According to the literature [14, 18] , most molecules and polymers with amino groups transfer nanoparticles from an organic medium to an aqueous medium via a ligand exchange process. This is due to the complexion interaction between amino groups and the nanoparticles. The interactions of alkylamino groups have been systematically studied, and a strongly bound species might be assigned to a complex of the form [AuCl(NH 2 R)] [44] . However, forming complex layers with the original ligands was also employed as an alternative approach to transfer nanoparticles. Most of the molecules and polymers used in that approach were amphiphilic and they achieved the phase transfer by forming a bilayer based on the hydrophobic-hydrophobic interaction with the original ligands [6, 13] . However, h-PAMAM-g-PEG is not an amphiphilic copolymer, thus it is less possible for this polymer to form a bilayer. Thus, we attributed the phase transfer process to a ligand exchange route but we could not exclude the possibility that h-PAMAM-g-PEG might interact with the original ligands.
TEM images of the original and transferred nanoparticles were also obtained to confirm the success of the phase transfer process ( figure 6 ). In all images, only isolated nanoparticles Figure 7 . Fluorescent spectra and UV-vis spectra of the original and transferred CdSe nanoparticles using P1 as the exchanged ligand. The fluorescent spectra were excited at 500 nm. The dispersant of the original CdSe nanoparticles was cyclohexane, while that of the transferred CdSe nanoparticles was water.
were found and no agglomerated clusters were detected. During the phase transfer process, no large difference of nanoparticle dimensions was observed. These results were consistent with the results drawn from figure 3. Therefore, these original nanoparticles were successfully transferred into aqueous medium by ligand exchange.
The transferred nanoparticles possessed their own unique properties such as fluorescence, surface plasmon resonance, and magnetism. Considering their availability of further applications, it is crucial to maintain these unique properties during the phase transfer process [14] . Therefore, all the unique properties were investigated to evaluate the influence of the phase transfer process. First, we obtained the fluorescent and UV-vis spectra of the original and the transferred CdSe nanoparticles.
As depicted in figure 7 , the maximum fluorescence peak of the original CdSe was at 639 nm, and it remained unaltered after the phase transfer process. Although the intensity of fluorescence emission of the transferred CdSe nanoparticles was a bit lower, its photo-luminescent quantum yield (PLQY) remained at about 20%, indicating its potential in further bioimaging applications ( figure 3(b) ). The decrease of PLQY was attributed to the lower ability of P1 to interact with CdSe nanoparticles than the TOPO ligand [9] . Besides, the UV-vis spectra of the two types of CdSe nanoparticle were obtained to compare their first absorption peaks. The first absorption peak of the CdSe nanoparticles (as well as other photo-luminescent semiconductor nanoparticles) is directly related to the dimension of the nanoparticle [45] . The larger the diameter the CdSe nanoparticle has, the more red-shifted the first absorption peak will be. Therefore, the position of the first absorption peak can reflect the mean size, distribution of size, and the state of aggregation of the nanoparticles. No large difference was observed between the spectra of the original and transferred CdSe nanoparticles, which further confirmed that no agglomeration or aggregation or change in dimension occurred during the phase transfer process. Thus, the CdSe nanoparticles were successfully transferred into water by using P1, and their property was maintained.
Secondly, UV-vis spectra of the original and transferred Au nanoparticles were obtained (figure 8), since they were regarded as typical sources of estimating different chemical situations of Au nanoparticles. The surface plasmon resonance (SPR) is a dominant feature of many metal nanoparticles. Generally, the SPR property of the Au nanoparticles is mainly influenced by the size, shape, and inter-particle distance [46] . First, varying the size and the shape will significantly change the SPR spectrum. For instance, the SPR spectrum of Au nanoparticles with a diameter of 1.5 nm is much blue-shifted compared with that of Au nanoparticles with a diameter of 40 nm. Secondly, the SPR spectrum of Au nanoparticles is sensitive to the inter-particle distance when the distance is below 10 nm. By carefully controlling the inter-particle distance, an assembly (or aggregation) with different SPR properties could be obtained, and this has been utilized to prepare specific sensors for DNA [47, 48] . Figure 8 depicts the UV spectra of the original and transferred Au nanoparticles. Before phase transfer, the SPR absorption band of original Au nanoparticles appeared at about 525 nm, which is typical for Au nanoparticles with a dimension from 5 to 10 nm [49] . When the former ligand DDT was replaced by P1, the Au nanoparticles were transferred into water. The SPR absorption band of the transferred Au nanoparticles by P1 was at 525 nm, and no red-shifted or blue-shifted SPR was observed. It has been reported that, when transferring the Au nanoparticle from one phase to another, only negligible influence on the SPR was observed [14, 15, 50] . Both in the phase transfer from water to oil and from oil to water via the ligand exchange mechanism, the positions of the SPR peaks remain unaltered. Such behavior confirmed the success in these phase transfers and showed that no aggregation and agglomeration of Au nanoparticle occurred.
As for superparamagnetic Fe 3 O 4 nanoparticles, the magnetic properties before and after phase transfer were also investigated. Figure 9 nanoparticles, the superparamagnetic property was maintained, as seen from the result in the inset of figure 9 , since no hysteretic effect or coercivity was observed in the magnetization curves [51] . Thermogravimetric analysis (TGA) measurements were performed to determine the quantitative information of the loading of copolymer during the ligand exchange process ( figure 10 ). The analysis is fine as long as the residual 6-7% is due to carbonization of P1. This result is not due to changes in the baseline at high temperatures. For all three types of original and transferred nanoparticle, the major weight loss occurred between 200 and 500
• C, indicating the decomposition of organic molecules such as original ligands and copolymer, according to the literature, and the controlled P1 sample. After the phase transfer process, a weight loss larger than that of the original nanoparticles was observed. This phenomenon was attributed to the replacement of the original ligands with copolymers, which was consistent with the result from VSM data of Fe 3 O 4 nanoparticles. With the TGA results, we estimated the chemical composition of original and transferred nanoparticles. The content of h-PAMAM-g-PEG in the transferred nanoparticles was calculated based on two assumptions. The first assumption was that ligand exchange did occur and the h-PAMAM-g-PEG replaced the original ligand completely. The second assumption was that the weight loss of the nanoparticles was due to the organic part (the original ligand or the h-PAMAM-g-PEG copolymer), and that the inorganic part remained unchanged. Thus, we calculated the content of h-PAMAM-g-PEG according to the following equation:
where w 1 is the weight loss fraction of the transferred nanoparticles and w 2 is the weight loss fraction of the neat P1 copolymer. The P1 contents in three types of transferred nanoparticle (CdSe, Au, and Fe 3 O 4 ) were calculated to be 52%, 60%, and 28%, respectively. It should be noted that since we could not confirm whether there was any original ligand remaining, the calculated content of h-PAMAM-g-PEG might deviate from the true value. Moreover, we systematically investigated the effect of the grafted PEG number in h-PAMAM-g-PEG copolymer on the phase transfer of CdSe nanoparticles. Because the fluorescent spectrum of CdSe nanoparticles is sensitive to the surface chemical environment of the nanoparticles, we investigated the intensity of fluorescence emission of the transferred CdSe nanoparticles using copolymers from P1 to P7, to evaluate the effect of the number of grafted PEG chains [16] . As shown in table 2, it was found that the intensity of the fluorescence emission (shown as the relative quantum yield) decreased rapidly when the number of grafted PEG chains increased from 3 to 9 per molecule (from P1 to P3). Further increase in the PEG chain number totally inhibited the occurrence of phase transfer (from P4 to P7). Therefore, the ability of the copolymer to transfer hydrophobic nanoparticles deceased with the increasing number of grafted PEG chains. We attributed this trend in phase transfer ability to the differentiation of the copolymer-nanoparticle interaction between P1 and other copolymers. The phase transfer process was achieved due to the complexation interaction between the amino groups in the copolymer and the metal atoms on the nanoparticle surface. More PEG chains and fewer available amino groups (see in table 2) meant more steric effect and less interaction, which hinders the interaction between the copolymers and the nanoparticles. The fluorescence of the CdSe nanoparticles is very sensitive to the chemical environment on their surface, and less interaction would negatively affect the emission of fluorescence. Therefore, the fluorescence of CdSe sharply decreased from P2 to P3 and the phase transfer ability disappeared from P4 to P7.
Cytotoxicity evaluation by MTT assays
It is evident that, for any clinical application, biocompatibility of the nanoparticles is crucial. These applications include using fluorescent nanoparticles as dyes for labeling of cells and for motility assay, using Au nanoparticles for immunostaining and gene delivery, and using magnetic nanoparticles as contrast agent in magnetic resonance imaging and magnetic field targeting. For nanoparticles, the major biological effects involve interactions with cellular components including organelles, mitochondrial, plasma membrane, etc. Therefore, it is important that cytotoxicity studies be conducted for nanoparticles.
It is known that the cytotoxicity of Cd-based semiconductor nanoparticles mainly comes from the release of cadmium ions (Cd 2+ ) and the formation of reactive oxygen species, which in turn will largely limit their application in biological fields [52] .
In this work, a cell line Ad293 was incubated to investigate the cytotoxicity of transferred CdSe nanoparticles according to the MTT method. The MTT method, based on the measurement of mitochondrial activity, is one of the colorimetric methods used to evaluate the cytotoxicity of nanoparticles and it has been extensively employed in studies on the cytotoxicity of semiconductor nanoparticles. The AD293 cell line is derived directly from the human embryonic cell 293 (HEK293) cell line but has been transfected with a gene that can improve cell adherence. It should be noted that the residence time of the hybridized CdSe is not well known and may be greater than 24 h, and hence that cytotoxicity studies over longer periods might be required. Figure 11 shows that when the concentration of the transferred CdSe nanoparticles was below 100 µg ml −1 , they only exhibited slight cytotoxicity. The relative cell viability was 90%, which is higher than that of most traditional aqueous QDs [52] . This phenomenon was attributed to the lower cytotoxicity of h-PAMAM-g-PEG, since the PAMAM segment has largely been utilized in gene transportation application while the PEG segment has proven to be well biocompatible [28, 29] . Therefore, by using the h-PAMAMg-PEG copolymer, the cytotoxicity of the nanoparticles was reduced.
Uptake of the transferred CdSe nanoparticles into Ad293 and QGY cells
The cellular uptake of the transferred CdSe nanoparticle was investigated; Ad293 cells and QGY cells were used in the experiments. The Ad293 cell line was selected because we had evaluated the cytotoxicity of the transferred CdSe nanoparticles, and the test of cell uptake could not only be used to investigate the cell labeling but also could help to probe the cytotoxicity of the nanoparticles visually [53] . In addition, the QGY cell was selected because it is a cancer cell while the Ad293 cell is a normal cell. After an incubation period of 4 h, the confocal fluorescence imaging showed that the transferred CdSe nanoparticles without specific targeting molecules had entered the cells through endocytosis or macropinocytosis (non-specific uptake, not mediated by receptors) (figure 12). Since both the h-PAMAM segment and PEG chains in the h-PAMAM-g-PEG copolymer were cell permeable, it was reasonable that the h-PAMAM-g-PEG modified CdSe nanoparticles penetrated into the cellular membranes. Figures 12(A3) and (B3) show the intracellular distributions of transferred CdSe nanoparticles in the representative cells, while figures 12(A4) and (B4) show the cellular markers in the x-y plane. Both the top right and bottom left panels exhibit the distributions of the transferred CdSe nanoparticles in the y-z and x-z planes along the marked lines in the main image obtained by z-scanning, respectively. These images further confirmed the intracellular uptake of the transferred CdSe nanoparticles. Besides, the luminescence of the transferred CdSe nanoparticles was well distributed in the cytoplasm of the cells, indicating that the nanoparticles had escaped from the endosomes and had been released into the cytoplasm, but they could hardly enter into the cell nucleus. No statistically significant differences in the distribution of CdSe nanoparticles within Ad293 and QGY cells were observed in this study. More detailed research is needed to confirm if these stabilized nanoparticles can be used to selectively stain these cells. Hence, after the phase transfer, the h-PAMAM-g-PEG modified CdSe nanoparticles are suitable for the non-specific labeling of various cells in biological applications. 
Conclusion
In conclusion, we have successfully utilized h-PAMAMg-PEG copolymer to transfer three types of hydrophobic nanoparticle, CdSe, Au, and Fe 3 O 4 , into water, and extended their applications in biology. Because of the complexation interaction between the amino groups in h-PAMAM-g-PEG copolymer and nanoparticles, ligand exchange occurred between the copolymers and small ligand molecules. The transferred nanoparticles could be easily dispersed in water with enhanced stability in high salt concentration solution due to the steric hindrance offered by the h-PAMAM-g-PEG copolymer. The unique properties of these nanoparticles, such as fluorescence, surface plasmon resonance, and superparamagnetism, were well maintained in the ligand exchange process. The phase transfer process was sensitive to the composition of the h-PAMAM-g-PEG copolymer. With the increase of the number of grafted PEG chains, the ability of h-PAMAM-g-PEG to transfer hydrophobic nanoparticles decreased. In addition, h-PAMAM-g-PEG ligands provide the nanocomposite particles with low cytotoxicity and ability of bio-labeling, which will further extend their application in biology.
